The molecular causes for resistance of melanoma to apoptosis are currently only partly understood. In the present study, we examined gene transfer and expression of the proapoptotic BH3-only protein Noxa as an alternative approach to chemotherapy and investigated the molecular mechanisms regulating Noxa-induced apoptosis. Noxa gene transfer caused dysregulation of both mitochondria and, as shown for the first time, also the endoplasmic reticulum, resulting in the accumulation of reactive oxygen species. Interestingly, expression of Noxa not only triggered the classical mitochondrial caspase cascade, but also resulted in the activation of apoptosis signal-regulating kinase1 and its downstream effectors c-Jun N-terminal kinase and p38. The activation of these kinases was abolished by antioxidants. Moreover, inhibition of the kinases by RNA interference or pharmacological inhibitors significantly attenuated Noxa-induced apoptosis. Thus, our data provide evidence for the involvement of multiple pathways in Noxa-induced apoptosis that are triggered at mitochondria and the endoplasmic reticulum, and suggest Noxa gene transfer as a complementary approach to chemotherapy.
Introduction
Treatment failure in metastatic melanoma is not only caused by an impressive array of cell survival pathways but is also due to resistance to apoptotic stimuli including radio-and chemotherapy (Soengas and Lowe, 2003) . Although melanoma cells may undergo selfdestruction via programmed cell death (apoptosis) and often harbor wild-type p53 (Soengas et al., 2001) , they are intrinsically resistant to most genotoxic agents that act primarily via p53. However, the inactivation of downstream apoptotic effectors of p53 has also recently been described (Chun and Jin, 2003) . Consequently, new therapeutic strategies in addition to chemotherapeutic agents activating p53-dependent apoptosis have been developed. One example is the application of proteasome inhibitors (for example, bortezomib), which partially act via induction of proapoptotic Bcl-2 family members. However, undesirable effects, including the accumulation of antiapoptotic proteins have also been documented (Qin et al., 2006) . Therefore, it seems that the direct delivery of target genes that can 'switch on' the apoptotic machinery in resistant cells is a promising strategy. Ideally, these target genes should induce apoptosis in a p53-independent manner. Important target molecules in antitumor therapy are members of Bcl-2 family, which are the essential regulators of the mitochondrial apoptosis pathway that is activated by the release of Cytochrome c (Daniel et al., 2003; Reed, 2006) . Bcl-2 members can be divided in three different classes of proteins based on their Bcl-2 homology (BH) domains. These include multidomain antiapoptotic proteins (Bcl-2, Bcl-x L , Mcl-1, Bcl-w and A1), multidomain proapoptotic proteins (Bak and Bax) and BH3-only proapoptotic proteins which include Bid, Bad, Bim, Puma, Noxa and others. The proapoptotic BH3-only proteins are the most apical regulators of apoptosis, and once activated, they regulate the ability of the multi-BH domain members Bax and Bak to undergo a conformational switch and to oligomerize in the outer mitochondrial membrane (Labi et al., 2006) . Activated Bax and Bak then induce mitochondrial membrane permeabilization and subsequent release of proapoptotic factors, such as Cytochrome c, from the intermembrane space into the cytosol. Cytosolic Cytochrome c induces formation of the apoptosome and ultimately triggers execution of the intrinsic caspase signaling cascade.
BH3-only proteins can be activated by various mechanisms including post-translational modifications as well as transcriptional and post-transcriptional processes. A particularly interesting BH3-only member is Noxa that was described as a proapoptotic protein under the direct transcriptional control of p53 (Oda et al., 2000; Shibue et al., 2003) . Nevertheless, the relative impact of Noxa toward apoptosis appears to vary among experimental systems (Oda et al., 2000; Shibue et al., 2003) . The Noxa promoter contains p53 response elements and is upregulated by p53 expression (Oda et al., 2000) . However, upregulation of Noxa by p53-independent mechanisms has also been described, for example, in response to treatment with the g-secretase tripeptide inhibitor (Qin et al., 2004) or proteasome inhibitors such as bortezomib (Fernandez et al., 2005; Qin et al., 2006) . Furthermore, at least two transcriptional mechanisms distinct from p53 have recently been reported including E2F-1, a downstream target of the retinoblastoma pathway (Hershko and Ginsberg, 2004) and hypoxia-inducible factor-1a (Kim et al., 2004) .
In this study, we investigated the mechanism of Noxainduced apoptosis in melanoma cells. We show that Noxa-induced apoptosis is mediated by activation of the mitochondrial apoptotic cascade. Interestingly, however, we found that Noxa was not confined to mitochondria but also localized at the endoplasmic reticulum (ER). Noxa expression induced increased oxidative stress and calcium release, resulting in the activation of the stress-induced kinase apoptosis signalregulating kinase 1 (ASK1) and its downstream effectors JNK and p38. Importantly, inhibition of this kinase cascade by RNAi and pharmacological inhibition prevented Noxa-induced apoptosis, suggesting that ASK1 functionally contributed to the proapoptotic activity of Noxa. Thus, our results show that Noxa triggers cell death in melanoma cells through multiple proapoptotic pathways triggered at both the mitochondria and the ER.
Results

Expression of Noxa triggers apoptosis in melanoma cells
To evaluate whether the delivery of Noxa is able to trigger apoptosis in melanoma cells, we expressed Noxa in the melanoma cell lines A375 and BLM (Figure 1a ). Noxa expression triggered apoptotic cell death in both cell lines, as shown by nuclear condensation and cell fragmentation (Figure 1b ). In addition, we measured the apoptotic index (Figure 1c ) by counting apoptotic cells on digital images using point counting as described (Duan et al., 2003) . Moreover, up to 7 and 32% apoptotic cells were detected by double staining with annexin V and propidium iodide (PI) in Noxa-transfected A375 and BLM cells, respectively (data not shown). Noxa-induced apoptosis was further confirmed by western blot analysis demonstrating the cleavage of poly (ADP-ribose) polymerase (PARP), a known caspase substrate, in A375 and BLM cells as well as in normal human melanocytes (NHM) upon Noxa expression ( Figure 1d ). In addition, we analysed upstream events such as the proteolytic processing of effector caspase-3 and initiator caspase-9 as well as the release of Cytochrome c in Noxa-transfected A375 and BLM melanoma cells (Figure 1e ). Using a fluorometric cleavage assay, we verified the cleavage-associated activation of caspases-9 and -3 in Noxa-transfected cells (Figure 1f ). Moreover, a time course analysis revealed that Noxa-induced Cytochrome c release could be observed already after 12 h post-transfection (Figure 1g ). Along the same lines, cleavage of PARP was detectable 24 h post-transfection and increased within 48 h (Figure 1g ). We also investigated the effect of the pan-caspase inhibitor z-VAD-fmk on the extent of Noxa-induced apoptosis in melanoma cells. Flow cytometric analysis using annexin V/PI staining demonstrated the inhibition of Noxa-induced apoptosis in the presence of the pan-caspase inhibitor (Figure 1h ). Taken together, these data provide evidence for the involvement of caspases-9 and -3 in Noxa-induced apoptosis of melanoma cells.
Subcellular localization of Noxa protein to both mitochondria and endoplasmic reticulum and the release of intracellular calcium release in Noxa-transfected melanoma cells To determine the subcellular localization of Noxa protein in melanoma cells, the melanoma cell line BLM was transiently transfected with either the Noxa plasmid or control vector. After 24 h, cells were stained with antibodies against Tom20 and Bap31 as specific markers for mitochondria and the ER, and costained with anti-Noxa antibodies. Confocal laser scanning microscopy confirmed the localization of Noxa protein to mitochondria, but also demonstrated a substantial fraction of Noxa at the ER (Figure 2a) . To further confirm the data obtained by confocal microscopy, cell fractionation for mitochondria and ER was performed. Using western blot analysis, we detected Noxa protein in both, the mitochondrial fraction and ER fraction of Noxa-expressing cells (Figure 2b ). In addition, we investigated whether Noxa-induced apoptosis was associated with intracellular Ca 2 þ release. Therefore, BLM cells were transfected with control vector or Noxa plasmid, and then incubated with the Ca 2 þ -sensitive dye Fluo3 (Figure 2c ). Interestingly, Noxa expression resulted in a time-dependent increase in intracellular Ca 2 þ , whereas control vector-transfected cells did not show any positive staining. Taken together, these data Noxa demonstrate for the first time the subcellular localization of Noxa to both mitochondria and the ER, supporting a role of Noxa in the promotion of ER stress in melanoma cells.
Expression of Noxa induces loss of mitochondrial membrane potential and increased oxidative stress In view of the subcellular localization of Noxa at both mitochondria and the ER, we hypothesized that Noxa may cause the loss of mitochondrial membrane potential and subsequently trigger the accumulation of reactive oxygen species (ROS). Therefore, A375 and BLM melanoma cells were transfected with either control vector or Noxa plasmid. Forty-eight hour post-transfection, the cells were subjected to measurement of the mitochondrial membrane potential using JC-1 staining or for detection of ROS generation using dihydrorhodamine (DHR 123). Flow cytometric analysis demonstrated the loss of mitochondrial membrane potential in response to the expression of Noxa in both cell lines ( Figure 3a) . As expected, Noxa expression also triggered ROS accumulation in the two melanoma cell lines (Figure 3b ). Taken together, the loss of mitochondrial membrane potential and the accumulation of ROS in Noxa-transfected cells suggest an essential role for the mitochondrial pathway in the modulation of Noxa-induced cell death in melanoma cells.
Activation of ASK1 and MAP kinase signaling in Noxa-transfected melanoma cells Oxidative stress has been described as a potent proinflammatory stimulus leading to the activation of mitogen-activated protein (MAP) kinase signaling pathways. We therefore analysed whether Noxa might induce the activation of ASK1. ASK is one of several MAP kinase kinase kinases (MAP3Ks) that is activated in response to proinflammatory stimuli such as ROS, leading to the activation of the MAP2Ks-JNK/p38 cascades (Ichijo et al., 1997) . In vitro kinase assays of Noxa-transfected melanoma cells demonstrated a strong activation of ASK1 without any alteration of ASK1 protein expression (Figure 4a ). To show whether downstream MAP kinases were also activated in Noxa-transfected melanoma cells, we examined the expression and the activation of JNK, p38 and extracellular signal-regulated kinase (ERK). Western blot analysis demonstrated no alterations of the expression level of any of these kinases, whereas in vitro kinase assays revealed the activation of both JNK and p38 ( Figure 4b ) but not of ERK (data not shown) in response to the expression of Noxa in melanoma cells. To further prove the activation of both JNK and p38, we investigated whether the expression of Noxa also enhanced the DNA-binding activities of the transcription factors activator protein I (AP-1) and ATF-2, the physiological substrates of JNK and p38, respectively. Electrophoretic mobility shift assay (EMSA) analysis revealed an enhancement of the DNA-binding activities of both AP-1 and ATF-2 (Figures 4c and d) . Together, these data suggest the involvement of ASK1, JNK and p38 in the modulation of Noxa-induced apoptosis in melanoma cells.
ROS scavenger N-acetylcysteine blocks apoptosis and the activation of ASK1/JNK/p38 pathways Because Noxa-mediated apoptosis of melanoma cells was found to be associated with the release of Cytochrome c and the accumulation of ROS, we employed inhibition experiments using the ROS scavenger N-acetylcysteine (NAC). Transfected melanoma cells were incubated with or without 10 mM NAC for 48 h and subsequently subjected to flow cytometry, immunoblotting and in vitro kinase assays. Fluorescence-activated cell sorting (FACS) analysis using DHR 123 staining revealed the complete inhibition of Noxainduced ROS accumulation upon NAC treatment (Figure 5a ). Western blot analysis demonstrated that the incubation of Noxa-transfected cells with NAC blocked the release of Cytochrome c and the cleavage of caspases-9, -3 and PARP ( Figure 5b ). Next, we asked whether Noxa-induced ROS were involved in the activation of ASK1. For this purpose, A375 and BLM cells were transfected with Noxa and incubated with or without NAC for an additional 48 h. In vitro kinase Inhibition of ROS accumulation and JNK and p38 signaling attenuates AP-1 activation and counteracts apoptosis In order to determine whether accumulation of ROS and activation of JNK and p38 were directly associated with the activation of AP-1 and apoptosis in response to Noxa expression in melanoma cells, we attempted to block the MAP kinases JNK and p38 by their specific inhibitors SP600125 and SB203580 (Horiuchi et al., 2003; Hassan et al., 2005a Hassan et al., , 2007 . As a control we also included an experiment in which the antioxidant NAC was applied to Noxa-transfected cells in order to inhibit accumulation of ROS. The pretreatment of Noxatransfected cells with the kinase inhibitors and NAC was found to block Noxa-induced apoptosis, as shown by flow cytometric staining with annexin V/PI (Figure 6a ). In accordance to our previous finding of ASK1 activation in response to Noxa expression, EMSA analysis also revealed that SP600125, SB203580 as well as NAC inhibited the DNA-binding activity of AP-1. Intriguingly, the specific kinase inhibitors were even more potent in reducing AP-1 activation than NAC (Figures 6b-d) . These results suggest that the enhanced DNA-binding activity of AP-1 in Noxatransfected A375 and BLM cells was a direct consequence of JNK and p38 activation. Moreover, the data revealed that JNK and p38 activation Inhibition of Noxa-induced apoptosis by ASK1-specific siRNA To further substantiate a functional role of ASK1 in Noxa-induced apoptosis in melanoma cells, we employed an RNAi approach. To this end, the melanoma cells were either transfected with the Noxa plasmid alone or cotransfected with the ASK1-specific siRNA. Again, western blot analysis, in vitro kinase assays and annexin V/PI staining were used to investigate the effects of ASK1-specific siRNA on Noxa-induced apoptosis. Western blot analysis confirmed the downregulation of ASK1 in response to the transfection with siRNA (Figure 7a ), whereas in vitro kinase assays demonstrated the reduction of Noxa-induced activation of both JNK and p38 kinases in response to the knockdown of ASK1 (Figure 7a ). Importantly, flow cytometric analysis using annexin V/PI revealed that the knockdown of ASK1 strongly reduced the number of apoptotic cells after 24 h (from 25 to 8%) and after 48 h (from nearly 50 to 18.5%) post-transfection, respectively (Figure 7b ). Taken together, these data provide convincing evidence for a functional involvement of ASK1-JNK/p38 pathways in Noxa-induced apoptosis of melanoma cells.
Discussion
Understanding the molecular events that contribute to apoptosis of tumor cells and how tumors evade apoptotic death might enable a more rational approach to anticancer therapy. Indeed, the ability of cells to evade apoptosis is considered an essential hallmark of cancer. One of the most important advances has been therefore the recognition that resistance to cell death is an important aspect of development of resistance to anticancer drugs. (Soengas and Lowe, 2003) . Much recent research on new cancer therapies is now focused on devising ways to overcome this resistance and to trigger the apoptosis of tumor cells. With a few exceptions, radio-and chemotherapy engages the intrinsic mitochondrial pathway to elicit apoptosis of tumor cells. The intrinsic death pathway is tightly controlled by Bcl-2 proteins. Members of this family can be classified as pro-or antiapoptotic proteins, because they either promote or suppress the release of mitochondrial apoptotic factors including Cytochrome c. The exact molecular mechanism by which Bcl-2 proteins regulate apoptosis is still only incompletely understood, however, of central importance seems to be the stochiometric balance of pro-and antiapoptotic factors (Hossini et al., 2003 (Hossini et al., , 2006 . Mitochondrial membrane permeabilization is regulated by the opposing actions of pro-and antiapoptotic Bcl-2 Figure 5 Inhibition of Noxa-induced reactive oxygen species (ROS) generation blocks Cytochrome c release, cleavage of caspases-9 (Casp-9), caspase-3 (Casp-3) and poly (ADP-ribose) polymerase (PARP) as well as apoptosis signal-regulating kinase 1 (ASK1), JNK and p38 activation. (a) ROS generation was blocked in A375 and BLM cells by N-acetylcysteine (NAC) treatment as determined by flow cytometry using dihydrorhodamine (DHR 123). (b) Noxa-induced Cytochrome c (Cyt c) release as well as cleavage of Casp9, Casp3 and PARP were strongly reduced following NAC treatment (10 mM). NAC had no effect on Noxa and Mcl-1 protein levels. a-Tubulin was used as control to demonstrate equal loading and transfer. (c) ASK1, JNK and p38 activation was also prevented by NAC (10 mM) as shown by in vitro kinase assays. The ROS scavenger, however, did not affect protein expression of the individual kinases or tubulin as assessed by western blotting. Data are representative of three independent experiments. family members. Multidomain proapoptotic Bcl-2 proteins (for example, Bak and Bax) can be activated directly following interaction with the BH3-only proteins. Alternatively, binding of BH3-only proteins to antiapoptotic Bcl-2 proteins results in activation of Bax and Bak. Bak and Bax are generally assumed to be able to substitute for each other, since deficiency for both genes is required to render cells completely resistant to apoptosis (Lindsten et al., 2000; Wei et al., 2001) . However, recent evidence also suggests that Bax and Bak exert nonredundant roles and differentially regulate cell death (Gillissen et al., 2003; Pardo et al., 2006) . Interestingly, there is also evidence that BH3-only proteins such as Nbk might induce cell death by caspase-independent mechanisms (Oppermann et al., 2005) . BH3-only proteins are generally regarded as allosteric regulators of the Bcl-2 proteins that act as sensors of different death stimuli. For example, Noxa and Puma are upregulated during p53-mediated cell killing, and their genes are direct p53 targets (Oda et al., 2000) . Gene-targeting experiments in mice have demonstrated that Puma plays a major and Noxa a more restricted role in p53-mediated apoptosis (Shibue et al., 2003; Villunger et al., 2003) .
In the present study, we investigated the mechanism of apoptosis induced by Noxa which was previously shown to exert its proapoptotic effects through binding to prosurvival proteins, in particular Mcl-1 (Chen et al., 2005) . Because Mcl-1 neutralizes the activity of Bak rather than that of Bax, Noxa should exert its proapoptotic preferentially via disruption of Bak/Mcl-1 complexes (Gomez-Bougie et al., 2007; Pe´rez-Gala´n et al., 2007; Willis et al., 2007) . Interestingly, we found that the mechanism of action of Noxa is obviously not confined to Bax/Bak-mediated Cytochrome c release but rather involved multiple pathways including mitochondrial dysregulation, endoplasmic stress and activation of ASK1-JNK/p38 MAP kinase pathways.
We show that expression of Noxa is not restricted to mitochondria but also found at the ER where it presumably exert part of its proapoptotic effects. The role of ER stress in tumor therapy is relatively unexplored at present, although the ER stress response is presumably important for regulating the balance between tumor cell death and growth as well as for the sensitivity to chemotherapeutic agents. Indeed, recent developments indicate that the ER is emerging as a new focal site for the initiation of endogenous cell death (Scorrano et al., 2003; Zong et al., 2003) . In addition to their mitochondrial localization, some antiapoptotic members of the Bcl-2 family proteins (Akao et al., 1994) as well as some proapoptotic members such as Bax and Bak (Scorrano et al., 2003; Zong et al., 2003) have been found to reside at the ER besides their presence at mitochondria.
The ER plays an important role in maintenance of intracellular calcium homeostasis, protein synthesis, post-translational modifications and proper folding of proteins as well as their sorting and trafficking. Alterations in calcium homeostasis and accumulation of unfolded proteins cause ER stress. A variety of different agents including chemical toxicants, oxidative stress, inhibitors of protein glycosylation, calcium homeostasis (Lee, 2001) or disturbed ER membrane integrity caused by proapoptotic proteins (Scorrano et al., 2003; Zong et al., 2003) can induce ER stress leading to cell death. Importantly, a recent report described sustained calcium accumulation in the mitochondrial matrix induced by ER stress as a new trigger of apoptosis by causing permeability transition, dissipation of the electrochemical potential, relocalization of BH3-only proteins to mitochondria and the release of Cytochrome c (Deniaud et al., 2007) . Our results reveal that Noxa expression evokes a rapid increase in intracellular calcium in melanoma cells, suggesting a central role for intracellular calcium release during Noxa-induced apoptosis. The initial rise seems to be dependent on the ability of Noxa to localize at the ER membrane causing ER stress and calcium release, whereas the second rise possibly results from relocalization of BH3-only protein, for example, Noxa to the mitochondria leading to the loss of mitochondrial membrane potential, accumulation of ROS, Cytochrome c release. Our experiments suggest that both ER and mitochondria were involved in Noxa-induced apoptosis (Figure 8) .
Elevations of intracellular calcium are also known exacerbate oxidative stress by inducing the uncoupling of mitochondrial respiration, permeability transition and vice versa. ROS, including superoxide anion, H 2 O 2 and hydroxyl radicals are by-products of oxidative phosphorylation that are constantly generated during metabolism (Adler et al., 1999) . Excessive ROS cause apoptosis through several mechanisms such as activation of ASK1, JNK, disruption of mitochondrial membrane potential and/or direct activation of caspases (Cai et al., 1998) . Our data clearly showed that the expression of Noxa caused disruption of the mitochondrial membrane potential that subsequently led to ROS accumulation, and release of intracellular calcium and Cytochrome c. Moreover, the detection of caspases-9 and -3 together with PARP cleavage provided evidence for the role of Cytochrome c release in the execution of Noxa-mediated apoptosis in melanoma cells (Figure 8 ).
ASK1 is a MAP3Ks family member (Ichijo et al., 1997) whose activation is required to trigger downstream MAPK pathways including JNK and p38. ASK1 is activated by ROS and required for ROS-mediated apoptosis (Tobiume et al., 2001) . Furthermore, we demonstrate activation of DNA binding of both transcription factors, AP-1 and ATF-2, in Noxainduced apoptosis, as suggested by inhibition experiments using synthetic JNK and p38 inhibitors as well as NAC (Figure 8 ). Although the three major MAP kinase pathways share several similarities, the outcome of the cell upon activation is quite different. ERK stimulation by mitogenic and trophic agents results in their cell division and differentiation, whereas activation of p38 and JNK causes growth arrest and cell death (Zanke et al., 1996) . As JNK is activated by a variety of cellular stress stimuli, it has been proposed to serve as a major apoptosis switch integrating different pathways. A number of transcription factors, including c-Jun and ATF-2 are involved in the onset of apoptosis in various mammalian systems (Estus et al., 1994) . C-Jun is a major component of the AP-1 transcriptional complex. The transcription factors AP-1 and ATF-2 that regulate a number of cellular processes such as cell proliferation, differentiation, death and survival of cells (Eferl and Wagner, 2003; Hassan et al., 2005a) also seem to play a role in the modulation of Noxa-induced apoptosis in melanoma cells (Figure 8) . Furthermore, by phosphorylating different apoptotic regulators including Bcl-2 proteins, JNK and p38 can also play proapoptotic roles by various transcriptionindependent mechanisms.
Taken together, our data reveal different Noxainduced pathways leading to apoptosis and suggest Noxa gene transfer as a complementary approach in melanoma therapy.
Materials and methods
Cell culture and transfection
The human melanoma cell lines A375 and BLM were grown in Dulbecco's modified Eagle's medium medium and NHM in melanocyte growth medium (Sigma, Deisenhofen, Germany) containing each 10% fetal bovine serum and 2 mM L-glutamine (Sigma). Cells (1 Â 10 6 ) were transfected with 5 mg of pcDNANoxa under the control of the CMV promoter or the control vector in combination with 2 mg of pGFP vector (Amaxa Inc., Gaithersburg, MD, USA) using the nucleofactor kit as described (Hassan et al., 2005a (Hassan et al., , 2007 .
Detection of apoptosis using hematoxylin and eosin staining and measurement of apoptotic index Control vector-and Noxa-transfected cells were stained with hematoxylin and eosin to detect morphological alterations of apoptosis as described previously (Hassan et al., 2005b) . The apoptotic index was measured as previously described (Duan et al., 2003) .
Detection of apoptosis using annexin V/PI staining Early apoptosis was quantified by double staining with annexin V and PI as described . The fluorescent signals of fluorescein isothiocyanate and PI were detected by FL1 at 518 nm and FL2 at 620 nm, respectively, using a FACSCalibur (Becton Dickinson Biosciences, Heidelberg, Germany).
Measurement of mitochondrial membrane potential
For measurement of the mitochondrial membrane potential (DC m ), A375 and BLM cells were incubated with 5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazolylcarbocyanine iodide (JC-1; 10 mM; Biotrend, Cologne, Germany) and analysed by flow cytometry as described (Samraj et al., 2007) .
Detection of ROS
The detection of ROS was performed by staining with DHR 123 (Sigma) and analysed by flow cytometry as described (Los et al., 1995) . Assessment of caspase activity Caspase activity was measured using a fluorometric substrate assay as described . Briefly, lysates from both Noxa-and vector-transfected melanoma cells were supplemented with 50 mM of the fluorogenic substrates DEVD-AMC for caspase-3 and LEHD-AMC for caspase-9 (MP Biomedicals, Eschwege, Germany), respectively. The release of aminomethylcoumarin was measured fluorometrically over 5 h at 37 1C using a Lambda Fluro 320 Plus fluorometer (Biotek, Bad Friedrichsall, Germany; excitation: 360 nm, emission: 475 nm). The catalytic activities are expressed as fluorogenic units (FU/min). The caspase inhibitor zVAD-fmk was purchased from MP Biomedicals and used at a concentration of 50 mM.
In vitro kinase assays
In vitro kinase assays were performed as described (Hassan et al., 2004 (Hassan et al., , 2007 . Briefly, the cell lysate were incubated with specific antibodies against ASK1, JNK and p38 for 1 h at 4 1C. The immune complexes were allowed to bind to protein A-sepharose (5 mg/ml) overnight at 4 1C. After centrifugation and three washings, the kinase activity was determined by incubation with 2 mg of glutathione S-transferase (GST)-c-jun (aa 1-79; Biomol, Hamburg, Germany) as substrate for JNK or 2 mg of myelin basic protein (MBP) protein (Upstate Biotechnology, Eching, Germany) as substrate for ASK1 or p38 and 10 mCi of [g-32 P] adenosine 5'-triphosphate (ATP) (Hartmann Analytika, Munich, Germany), respectively, and analysed by SDS-polyacrylamide gel electrophoresis (PAGE) and autoradiography.
Preparation of nuclear extracts
Nuclear extracts were prepared from transfected A375 and BLM cells as described (Hassan et al., 2004 (Hassan et al., , 2005a .
RNA interference
SMARTpool ASK1 siRNA and negative control siRNA (Dharmacon Research, Lafayette, CO, USA) were used to transfect cells with lipfectamine 2000 according to the manufacturer ' s protocol.
Electrophoretic mobility shift assay
The details of EMSA have been described elsewhere (Hassan et al., 2007) . The double-stranded synthetic oligonucleotides carrying a defined binding site for AP-1 or ATF-2 (Santa Cruz Biotechnology) were end-labeled with [g-32 P] ATP (Hartmann Analytika) in the presence of T4 polynucleotide kinase (Genecraft, Munster, Germany). Nuclear (4 mg) extracts were bound to a labeled probe. The specificity of binding was analysed by competition assays using a 10-fold excess of unlabeled probes. Electrophoresis and autoradiography were performed according to standard procedures.
Immunofluorescence staining Melanoma cell lines were transfected with the Noxa plasmid or empty vector. After 24 h, the transfected cells were subjected to immunofluorescence staining (primary antibodies (anti-Tom20 and anti-Bap31; Santa Cruz Biotechnology)) as described (Essmann et al., 2005) . Pictures were taken on an Axiovert 135 Microscope (Zeiss, Germany) with an Apochromat Â 63 oil immersion lens using OpenLab software (Improvision, Tu¨bingen, Germany).
Preparation of mitochondria and endoplasmic reticulum from cultured cells Noxa-and empty vector-transfected melanoma cell lines were scraped off with 5 ml of phosphate-buffered saline. Collected cells were precipitated by centrifugation at 600 g for 5 min, washed, resuspended and homogenized, and then centrifuged (600 g for 5 min). The post-nuclear supernatant was layered over a discontinuous gradient of 40 and 60% sucrose in HE buffer (3 and 1 ml, respectively). After centrifugation at 100 000 g for 3 h, aliquots were precipitated with 10% trichloroacetic acid (TCA) and subjected to SDS-PAGE and immunoblotting using antibodies for mitochondria and ER, respectively.
Staining of intracellular calcium
Noxa-transfected BLM cells were incubated for further 2 h before the addition of the Ca 2 þ -sensitive dye Fluo3-AM (1.5 mM) and Mitotraker Red (200 nM, Invitrogen, Karlsruhe, Germany). After 30 min, life pictures were taken under standard cell culture conditions on a Leica TCS SP2 AOBS with a Â 40 oil immersion objective using Leica Confocal software.
